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PARTICLE RADIATION THERAPY 

EQUIPMENT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to co-pending US. patent appli 
cation Ser. No. 1 1/ 917,959 ?led concurrently herewith. 

FIELD OF THE INVENTION 

The present invention describes particle radiation therapy 
equipment Which includes a magnet, thereby enabling mag 
netic resonance imaging (MRI) during particle radiation 
therapy. 

BACKGROUND OF THE INVENTION 

Radiation therapy With protons and carbon ion beams has 
been shoWn to be effective. In addition it has been shoWn to 
result in less damage to tissue than conventional gamma 
radiation therapy. 

HoWever, radiation planning for determining the magni 
tude and position of a dose to be administered is based on 
MRI imaging or CT imaging, Which may have taken place at 
a considerable time period before the therapy takes place. In 
the intervening period, the position of the tissue to be irradi 
ated may have moved, or changed shape. This may result in 
the irradiation of healthy tissue and or missing diseased tis 
sue, Which may lead to a remission. 

In radiation therapy, the patient is in general irradiated With 
a beam offered in a transverse direction 110 in transversal 
plane XY, as schematically illustrated in FIG. 13. 

It is desirable for the beam of charged particles to be 
applied to a patient at the same time as MRI imaging is taking 
place, since the position and shape of the intended target may 
then be accurately knoWn in its current position. 

The majority of present MRI scanners are not suitable for 
this because the beam Would be obstructed by the cryostat. In 
addition, even in ‘open’ scanners such as those employing C 
or H- shaped magnets, the magnetic ?eld of the scanner Will 
be perpendicular to the transverse direction 110 of the 
charged particle beam. This Will de?ect the beam from the 
intended direction. 

FIGS. 14A and 14B illustrate tWo prior art MRI scanners, 
With the magnetic ?eld B illustrated in terms of lines of 
magnetic ?ux. FIG. 14A shoWs a patient undergoing MRI 
imaging in a conventional solenoidal magnet arrangement. 
As illustrated, if it Were possible to apply a beam of charged 
particles to the patient in the transverse direction 110 during 
MRI imaging, the beam Would be perpendicular to the mag 
netic ?eld B produced by the MRI equipment, and so the 
beam Would be de?ected from its intended target by the 
magnetic ?eld B. In such a conventional solenoidal magnet 
arrangement, it is not possible to access the patient due to the 
presence of the solenoid surrounding the region of interest of 
the patient. FIG. 14B shoWs a patient undergoing MRI imag 
ing in a conventional open C-shaped magnet arrangement. 
The patient is more accessible in such a magnet arrangement. 
HoWever, as illustrated, if it Were possible to apply a beam of 
charged particles to the patient in the transverse direction 110 
during MRI imaging, the beam Would be perpendicular to the 
magnetic ?eld B produced by the MRI equipment, and so the 
beam Would be de?ected from its intended target by the 
magnetic ?eld B. 
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2 
US 2004/0199068 describes a system Where MRI (mag 

netic resonance imaging) is used to track the position of a 
target volume of a patient, and to gate the provision of a 
particle beam to a treatment volume, so that the particle beam 
is activated only When the treatment volume coincides With 
the target volume of the patient. 
US. Pat. No. 6,198,957 describes a combined MRI and 

particle beam treatment apparatus. The magnetic ?eld of the 
MRI system is turned off While the particle beam treatment is 
applied. 
WO 02/065149 describes coil arrangements suitable for 

use in, for example, MRI apparatus, Wherein a magnetic ?eld 
is produced Which is in a direction parallel to the planes of the 
coils, and to a plane lying intermediate betWeen planes of the 
coils. It provides a magnet assembly comprising a group of 
four sets of magnetic coils, each comprising Windings of 
electrically conductive material; Wherein the sets of magnetic 
coils are arranged symmetrically about an axis of intersection 
of a midplane and a plane of re?ection, the plane of re?ection 
being perpendicular to the midplane, such that the coils have 
a plane of symmetry With respect to another plane, Which is 
perpendicular to both the midplane and the plane of re?ec 
tion, each of the coils being Wound around an axis Which is 
perpendicular to the midplane, and Wherein the Windings are 
con?gured such that, in operation, current ?oW is symmetri 
cal about the plane of re?ection and anti-symmetrical about 
the midplane, to produce a resultant ?eld at the centre of the 
system Which is perpendicular to the plane of re?ection. 
According to the present invention, MRI imaging at the 

same time as particle radiation therapy is enabled by provid 
ing an MRI system Which operates With a magnetic ?eld in a 
transverse direction 110 parallel to the intended direction of 
application of the beam of charged particles, minimising the 
interference of the magnetic ?eld With the charged particle 
beam While alloWing access to the patient. 
The present invention also provides methods for operating 

such equipment to apply particle radiation to a region of 
application at the same time as MRI imaging of the same 
region. 
The present invention accordingly provides apparatus and 

methods as set out in the appended claims. 

BRIEF DESCRIPTION OF THE FIGURES 

For a better understanding of the invention and to shoW 
hoW the same may be carried into effect, there Will noW be 
described by Way of examples only, speci?c embodiments, 
methods and processes according to the present invention 
With reference to the accompanying Figures, as shoWn in the 
accompanying draWing sheets, Wherein: 

FIG. 1 shoWs a perspective vieW of an arrangement of four 
magnet coils in accordance With an embodiment of the inven 
tion; 

FIGS. 2 and 3 shoW a comparison of tWo banana coil 
con?gurations; 

FIG. 4 shoWs a perspective vieW of an arrangement of four 
magnet coil assemblies in accordance With another embodi 
ment of the invention; 

FIG. 5 shoWs a sectional vieW of an arrangement in accor 
dance With a further embodiment of the invention; 

FIG. 6 shoWs a perspective vieW of a set of sector shaped 
coils, With a recess, according to another embodiment of the 
present invention. 

FIG. 7 shoWs a cross section in the XZ plane, of one 
embodiment of the invention shoWing an arrangement of coils 
such as illustrated in FIG. 6 With respect to other components 
of an MRI system; 
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FIG. 8 shows the direction of the magnetic ?eld in the XZ 
plane for the arrangement of coils shoWn in FIG. 7 in terms of 
lines of magnetic ?ux; 

FIGS. 8a to 80 shoW ?eld intensity contour lines for a 
magnetic ?eld produced by an arrangement of coils as shoWn 
in FIG. 7; 

FIG. 9 shoWs the 5 Gauss line in the XZ plane of the system 
according to FIG. 7; 

FIGS. 10, 11 and 12 shoW alternative embodiments; 
FIG. 13 shoWs an intended direction of application of a 

particle beam to a patient for performing particle radiation 
therapy; and 

FIGS. 14A and 14B shoW magnetic ?elds generated by 
illustrated conventional MRI magnets With an intended direc 
tion of application of a particle beam to a patient for perform 
ing particle radiation therapy. 

DETAILED DESCRIPTION OF INVENTION 

The present invention provides an application of the mag 
net coil arrangement described in WO 02/065149 as a means 
of monitoring the target area for radiation therapy during 
application of a charged particle beam. 

Advantageously, and according to the present invention, 
such coil arrangements are arranged such that the magnetic 
?eld they produce lies in the intended direction 110 of appli 
cation of a particle beam 102 for particle radiation therapy. 
Since application of the beam of charged particles Will be in 
the direction of the magnetic ?eld, the beam Will not be 
de?ected, and a dose of particle radiation may be accurately 
applied to the intended target. 

Examples of such arrangements Will noW be described With 
reference to FIGS. 1-12. 

FIG. 1 shoWs an arrangement consisting of four coils 111, 
112, 114, 116 and a XYZ co-ordinate reference frame, Which 
Will be referred to in the folloWing description. The coils 
111-116 shoWn in FIG. 1 are symmetrically arranged With 
respect to a midplane, parallel to the XY plane, Which is also 
identi?ed as the transverse plane, and also to the YZ plane 
Which is identi?ed as the plane of re?ection. The coils also 
have a plane of symmetry parallel to the ZX plane. The arroWs 
118 on the coils are shoWn to demonstrate the direction of the 
currents in the coils With respect to each other. The direction 
of currents in the coil 111, Which lies above the midplane @(Y 
plane), are opposite (antisymmetrical) to the direction of cur 
rents of the coil 114, Which lies beloW the midplane XY. 
Further, the sense of rotation of the currents of the coils 112, 
116 in the positive X space is opposite (in re?ective symme 
try) to the sense of the currents of the respective correspond 
ing coils 111, 114 in the negative X space. The shape of each 
coil shoWn in FIG. 1, sometimes referred to as a ‘banana coil’ 
is not straightforWard to manufacture by a conventional Wind 
ing process because of the reversed radius of curvature (con 
cave surface) on the side of the coil closest to the plane of 
re?ection. 

The direction 110 of the ?eld produced by the coils 111, 
112, 114, 116 and of application ofa charged particle beam 
for particle radiation therapy is indicated by a thick arroW, 
Which Will feature in subsequent draWings. 

The ?eld generated by a set of coils as shoWn in FIG. 1 may 
not produce a ?eld With a quality su?icient for MRI imaging. 
The folloWing description provides further embodiments 
Which may produce a magnetic ?eld of improved quality. 

FIGS. 2 and 3 shoW tWo further con?gurations of banana 
coils suitable for use on in an embodiment of the present 
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4 
invention in an arrangement corresponding to that shoWn in 
FIG. 1. The magnetic ?eld produced by each of the con?gu 
rations of FIGS. 2-3 is the same as for the arrangement of FIG. 
1. FIG. 2 shoWs a nested banana coil Wherein a 120° arc 
banana coil 210 carrying a current of 100A in a ?rst direction 
has a 60° arc banana coil 212 nested Within. The 60° coil 
carries a current of 200 A in a direction opposite to the ?rst 
direction resulting in an overall current of 100 A in the second 
direction for the centre 60° arc of the Whole 120° arc con?gu 
ration. This is equivalent to the structure shoWn in FIG. 3 
Wherein there is a central 60° arc banana coil 214 carrying 100 
A current in the second direction With tWo peripheral 30° arc 
banana coils 216, 218 carrying 100 A current in the ?rst 
direction. 

Although methods of manufacture for such banana coils 
are Well knoWn, it may be easier to produce substantially the 
same magnetic ?eld by superimposing D-shaped coils as 
shoWn in FIG. 4. This also gives an additional degree of 
freedom in positioning the straight sides of the D’s so as to 
improve the homogeneity of the ?eld. The D shaped coils can 
be interleaved and/or over lapping. The coils are arranged 
With symmetry as discussed With reference to FIG. 1. Refer 
ring to the loWer coils, it can be seen that coils 410, 412 and 
414 have mirror image coils in 416, 418, 420 both in shape 
and respective current directions, since FIG. 4 also shoWs the 
directions of the currents 422 in each of the D-shaped coils. 

Each D-shaped coil is Wound around an axis Which is 
aligned parallel to the Z-axis in operation. Although the coil is 
non-circular, the Winding is straightforWard since there is no 
reversal in the radius of curvature of the Winding. The outer 
surfaces of each coil are convex, or planar. Whilst a D-shape 
coil is conventionally expected to have a straight section on 
one side, in practice, the side need not be completely straight 
but may merely have an extremely large radius of curvature, 
to assist in the Winding of the Wire. For similar reasons, the 
corners at the ends of the straight section are preferably 
rounded, rather than comprise a sharp comer. In this Way a 
generally D-shaped coil can be readily Wound using a con 
ventional Wire Winding process but With a variable radius of 
curvature rather than the ?xed radius used for circular coils. 
Although the axis of Winding of each of the individual coils is 
parallel to the Z axis, the arrangement of the currents in the 
different coils produces a resultant ?eld at the centre of the 
system in direction 110 Which is perpendicular to the Z axis. 
Similarly, in the region external to the system the ?elds of the 
individual coils serve to cancel each other out, resulting in a 
very loW stray ?eld external to the system Without the need for 
additional shielding measures such as extra coils. 

FIG. 5 shoWs the top vieW of a set of planar coils Which, 
theoretically, should produce a high quality homogenous 
?eld in direction 110. When arranged in sets With symmetry 
as discussed With reference to FIG. 1, they Will produce a 
homogeneity Which has a predicted peak-peak value of 6 ppm 
on an imaging region sphere of 40 cm. Coils 510 and 512 are 
identical, and should be used With current directions (not 
shoWn) being mirror images in the YZ plane. These coils are 
similar in construction to plane or gradient coils, as are 
knoWn. In contrast to gradient coils, Which are con?gured to 
provide Zero ?eld at the centre of a complete MRI system, in 
the present application the coils of each quadrant are con 
nected in series so as to provide a high strength, high quality 
homogeneous ?eld at the centre of an MRI system. HoWever, 
While this arrangement provides a high strength, high quality 
homogenous ?eld, it does not alloW the accommodation of 
gradient coils and RF coils, Which are required for the gen 
eration of an MRI image. 
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FIG. 6 shows a vieW of an arrangement of sector-shaped 
coils 610, 612, 614, 616 in a polar grid fashion. The sector 
shaped coils are arranged in parallel planes, With a gap 618 
between the coils increased for coils in a circle from the centre 
up to a radius Which corresponds to the radius of a gradient 
coil, manufactured to a current state of art. The central, 
increased, gap 618 betWeen the central coils 610, 614 pro 
vides su?icient space for RF coils, a gradient coil and shims, 
Whilst the gap 620 betWeen the outer coils 612, 616 is less. 
This improves the homogeneity of the overall resultant ?eld 
and reduces the amount of conductor required to generate a 
given central ?eld. The coils may be multiple small segment 
shaped coils as illustrated. Alternatively, several adjacent seg 
ments may be replaced by larger banana coils. In another 
embodiment, the segment shaped coils may be replaced With 
trapeZium shaped coils, for ease of Winding. 

FIG. 7 shoWs a cross section in the ZX plane of an MRI 
scanner With an arrangement of coils similar to that shoWn in 
FIG. 6. The coils are arranged in tWo groups, 710 and 712. 
Group 710 corresponds to the coils 610, 614 With the 
increased gap 618 in FIG. 6. The coils may be arranged to 
operate in a superconducting fashion, as is knoWn. The outer 
coils are identi?ed as 712 corresponding to coils 612, 616 of 
FIG. 6. Present superconductors require operation at a loW 
temperature and the coils in this example are surrounded by 
an enclosure, 714, Which acts as thermal radiation shield. In 
addition, this enclosure can also be used to contain a cryogen. 
The coils 710 and 712 and the enclosure, 714, are surrounded 
by an airtight enclosure 716. 

The inside of this enclosure is evacuated, to minimise the 
conduction of heat from the inside surface of enclosure 716 to 
the coils through convection. The enclosure has a recessed 
part Which accommodates a gradient coil assembly 5, and an 
RF coil 4. The central ?eld has been calculated to be 1 T for 
a 35 mega-amp-metre coil set, With homogeneity of 143 ppm 
over a 40 cm diameter sphere. The outside diameter of the 
conductors is 1.9 m, With a gap 620 betWeen conductors of 0.7 
m, and a gap 618 betWeen inner conductors of 0.9 m. 

FIG. 8 shoWs lines of ?ux 810 in the XZ plane for the 
embodiment depicted in FIG. 7. The lines shoW the highly 
desirable homogenous parallel ?eld produced by the coils, as 
required for example for magnetic resonance imaging pur 
poses. FIGS. 8a to 80 shoW, respectively, lines of constant 
magnetic ?eld strength describing the magnetic ?eld B in the 
XZ planes atY:0, Y:0.1 m andY:0.2 m. The described coil 
arrangement therefore conveniently provides an embodiment 
Which enables a 0.2 m radius diagnostic volume of suf?cient 
homogeneity to be achieved. 

FIG. 9 shoWs the 5 Gauss plot line 910 computed for the 
coil assembly as described in FIG. 7, in the ZX plane. Only 
the 5 Gauss line in the +X +Z quadrant is shoWn. This clearly 
demonstrates the loW stray ?eld characteristics of the 
described coil arrangement. 

FIG. 10 shoWs, in perspective vieW, all the primary mag 
nets of one embodiment 1000. Each quadrant comprises three 
coils 1010, 1012,1014 . . . 1032, in side-by-side relationship, 
With the central coils 1012, 1018, 1024, and 1030 lying in the 
XZ plane. The current ?oW directions 1034-1040 in each coil 
of a quadrant are the same. 

FIG. 11 shoWs a similar arrangement to FIG. 10, except 
that there are six coils 1110-1120 in each quadrant. It Will be 
appreciated that it may be desirable to have a broad imaging 
area for certain applications. Alternatively, the use of a num 
ber of small, sub-coils may enable manufacturing costs to be 
reduced. 

FIG. 12 corresponds With FIG. 1, except that each banana 
coil 1210, 1214, 1218, 1222 is provided With a supplementary 
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6 
rectangular coils 1212, 1216, 1220, 1224 situated on the 
inside arc of the banana, With the current direction of the 
respective coils of the quadrant being opposite. The coil 
arrangement of FIG. 12 may be provided as a main ?eld 
generating means in an embodiment of the present invention. 
A con?guration for the placement of magnetic coils suit 

able for a magnetic resonance imaging assembly such as has 
been described provides numerous advantages arising from 
the design: high levels of patient access are afforded by Way 
of the open design; since the overall magnetic ?eld is gener 
ated perpendicular to the con?guration in direction 110, par 
allel to the midplane XY. The magnetic forces of attraction 
betWeen opposing coils either side of the imaging volume are 
reduced alloWing the construction of the supports betWeen the 
coil groups to be less substantial than is knoWn for conven 
tional open- or C-magnets; patients may be aligned head-to 
toe along the magnetic ?eld of at any angle thereto; the use of 
smaller magnets With a concomitant reduction in the amount 
of conductor Wire can achieve useful savings in manufactur 
ing costs. 
The above arrangements have been found suitable for 

incorporation into particle radiation therapy equipment. 
The present invention provides an application of the mag 

netic coils arrangements described above to provide 
improved particle radiation therapy equipment. According to 
the present invention, a charged particle beam source 101 
(FIG. 1) is arranged to direct a charged particle beam 102 in 
a predetermined direction to a region of application. Further 
more, magnetic ?eld generation means are provided for gen 
erating a magnetic ?eld in the region of application at the 
same time that the charged particle beam is applied, Wherein 
the magnetic ?eld generation means is arranged to provide 
access to the region of application for the charged particle 
beam, and to provide a homogeneous magnetic ?eld in the 
region of application of the charged particle beam, said mag 
netic ?eld being directed substantially in the predetermined 
direction. 

Preferably, the magnetic ?eld generation means comprises 
one of the coil arrangements discussed above. In this case, the 
magnetic ?eld generation means may comprise magnetic 
coils, each comprising Windings of electrically conductive 
material; Wherein the magnetic coils are arranged symmetri 
cally about a midplane (XY) and a plane of re?ection (YZ), 
the plane of re?ection being perpendicular to the midplane, 
such that the coils have a plane of symmetry With respect to 
another plane (XZ), Which is perpendicular to both the mid 
plane and the plane of re?ection. Each of the coils is prefer 
ably being Wound around an axis Which is perpendicular to 
the midplane. In operation, current ?oW is preferably sym 
metrical about the plane of re?ection and anti-symmetrical 
about the midplane, to produce a resultant ?eld B at the centre 
of the system Which is perpendicular to the plane of re?ection, 
and is directed substantially in the predetermined direction. 

In certain embodiments, the magnet coils are arranged in a 
group of four sets of coils, and the sets of magnetic coil are 
arranged symmetrically as de?ned above. 
The magnetic ?eld generation means is preferably adapted 

for use in a magnetic resonance imaging system, such that 
magnetic resonance imaging of the region of application of 
the charged particle beam may be performed at the same time 
as the application of the charged particle beam. 
The particle radiation therapy equipment preferably also 

comprises a cryostat unit and a gradient magnet assembly, 
Wherein the said magnetic ?eld generation means is situated 
Within the cryostat to provide an operating temperature at 
Which superconductivity is possible, and Wherein the gradient 
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magnet assembly is operable to provide magnetic ?elds 
across predetermined planes so as to enable magnetic reso 
nance imaging. 

The present invention also provides a method for perform 
ing particle radiation therapy on a patient at the same time as 
magnetic resonance imaging is performed on the patient. A 
charged particle beam is applied to a region of application of 
the patient in a predetermined direction. A homogeneous 
magnetic ?eld is generated in the region of application of the 
charged particle beam, said magnetic ?eld being directed 
substantially in the predetermined direction. 

Preferably, the homogeneous magnetic ?eld is generated 
by magnetic coils, each comprising Windings of electrically 
conductive material; Wherein the magnetic coils are arranged 
symmetrically about a midplane (XY) and a plane of re?ec 
tion (Y Z), the plane of re?ection being perpendicular to the 
midplane, such that the coils have a plane of symmetry With 
respect to another plane @(Z), Which is perpendicular to both 
the midplane and the plane of re?ection, each of the coils 
being Wound around an axis Which is perpendicular to the 
midplane, and Wherein the Windings are con?gured such that, 
in operation, current ?oW is symmetrical about the plane of 
re?ection and anti-symmetrical about the midplane, to pro 
duce a resultant ?eld at the centre of the system Which is 
perpendicular to the plane of re?ection, and is directed sub 
stantially in the predetermined direction. 

In certain embodiments, the magnet coils are arranged in a 
group of four sets of coils, and the sets of magnetic coil are 
arranged symmetrically as de?ned above. 

The method may further comprise cooling the magnet coils 
to a temperature at Which superconductivity is possible and 
?oWing current in the magnetic coils such that the direction of 
current ?oW is symmetrical about the plane of re?ection and 
anti-symmetrical about the midplane. 

While the present invention has been described With refer 
ence to a limited number of speci?c embodiments, by Way of 
examples only, those skilled in the art Will appreciate that 
numerous modi?cations and variations of the present inven 
tion may be derived Within the scope of the appended claims. 

The invention claimed is: 
1. Particle radiation therapy equipment arranged to apply a 

charged particle beam, in a predetermined direction, to a 
region of application, said radiation therapy equipment com 
prising: 

a charged particle beam source arranged to direct a charged 
particle beam in the predetermined direction; and 

magnetic ?eld generation means for generating a magnetic 
?eld in an imaging volume Which includes the region of 
application, at the same time that the charged particle 
beam is applied; Wherein, 

the magnetic ?eld generation means is arranged to provide 
access to the region of application, and to provide a 
homogeneous magnetic ?eld in the region of applica 
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tion, said magnetic ?eld being directed substantially in 
the predetermined direction; 

the magnetic ?eld generation means comprises magnetic 
coils, each comprising Windings of electrically conduc 
tive material; 

the magnetic coils are arranged symmetrically about a 
midplane (XY) and about a plane of re?ection (Y Z) that 
is perpendicular to the midplane (XY), such that the 
magnetic coils have a further plane of symmetry @(Z), 
Which is perpendicular to both the midplane (XY) and 
the plane of re?ection (YZ); 

each of the coils is Wound around an axis that is perpen 
dicular to the midplane (XY); and 

the Windings are con?gured such that, in operation, current 
?oW is symmetrical about the plane of re?ection (YZ) 
and anti-symmetrical about the midplane @(Y), to pro 
duce a resultant ?eld at the center of the magnetic ?eld 
generation means Which is perpendicular to the plane of 
re?ection (Y Z), parallel to the midplane (XY), and 
directed substantially in the predetermined direction. 

2. The particle radiation therapy equipment according to 
claim 1, Wherein: 

the magnetic coils are arranged in a group of four sets of 
coils; and 

the sets of coils are arranged symmetrically about the mid 
plane (XY) and the plane of re?ection (Y Z), such that 
the magnetic coils are symmetrical about the further 
plane of symmetry @(Z). 

3. The particle radiation therapy equipment according to 
claim 1, Where the magnetic coils comprise D coils. 

4. The particle radiation therapy equipment according to 
claim 1, Wherein the magnetic coils comprise banana coils. 

5. The particle radiation therapy equipment according to 
claim 1, Wherein the magnetic coils comprise sub-coils. 

6. The particle radiation therapy equipment according to 
claim 5, Wherein the sub-coils are provided in one of a nested 
arrangement and an overlapping arrangement. 

7. The particle radiation therapy equipment according 
claim 1, Wherein the coils are non-planar. 

8. The particle radiation therapy equipment according to 
claim 1, Wherein the magnetic ?eld generation means is 
adapted for use in a magnetic resonance imaging system. 

9. The particle radiation therapy equipment according to 
claim 1, further comprising a cryostat unit and a gradient 
magnet assembly, Wherein: 

the magnetic ?eld generation means is situated Within the 
cryostat that provides an operating temperature at Which 
superconductivity is possible; and 

the gradient magnet assembly is operable to provide mag 
netic ?elds across predetermined planes, thereby 
enabling magnetic resonance imaging. 

* * * * * 


